ABSTRACT: The study of mineral−water interfaces is of great importance to a variety of applications including oil and gas extraction, gas subsurface storage, environmental contaminant treatment, and nuclear waste repositories. Understanding the fundamentals of that interface is key to the success of those applications. Confinement of water in the interlayer of smectite clay minerals provides a unique environment to examine the interactions among water molecules, interlayer cations, and clay mineral surfaces. Smectite minerals are characterized by a relatively low layer charge that allows the clay to swell with increasing water content. Montmorillonite and beidellite varieties of smectite were investigated to compare the impact of the location of layer charge on the interlayer structure and dynamics. Inelastic neutron scattering of hydrated and dehydrated cation-exchanged smectites was used to probe the dynamics of the interlayer water (200−900 cm −1 spectral region) and identify the shift in the librational edge as a function of the interlayer cation. Molecular dynamics simulations of equivalent phases and power spectra, derived from the resulting molecular trajectories, indicate a general shift in the librational behavior with interlayer cation that is generally consistent with the neutron scattering results for the monolayer hydrates. Both neutron scattering and power spectra exhibit librational structures affected by the location of layer charge and by the charge of the interlayer cation. Divalent cations (Ba 2+ and Mg
■ INTRODUCTION
The structure and dynamics of water and aqueous species in clay minerals and related nanoporous materials are typically controlled by the mineral structure, composition, charge distribution, protonation state, and related properties of the mineral−water interfaces. Surface chemistry and the reactivity of clay minerals can influence mineral−water interfaces and control adsorption, dissolution, precipitation, solute and water diffusion, nucleation, and growth phenomena in the environment. 1−5 Mineral nucleation and growth processes are of particular interest because of their impact on mesoscopic and macroscopic rock properties, such as permeability, porosity, wettability, and mechanical strength. Clay minerals and their interfacial chemistry are critical in the extraction of gas and oil from unconventional geological reservoirs such as shale rocks, 6−8 in understanding the geochemistry of CO 2 storage and sequestration in the subsurface, 9−12 and in the performance of geologic nuclear waste repositories. 13−16 Moreover, the clay interlayer presents a unique structural environment for examining the role of confinement on water structure, water−cation dynamics and transport, and how interlayer cations can further impact that behavior.
Molecular details of geochemical processes involving clay minerals are typically beyond the sensitivity of most experimental and analytical techniques, especially for evaluating water structure and behavior. Neutron scattering methods, however, with high sensitivity to hydrogen-containing materials, provide a unique probe of smectite minerals and their hydrated interlayer environment. Inelastic neutron scattering (INS), in particular, has been used to investigate interlayer water molecules, hydroxyl groups, and hydrogen bonding in a variety of phyllosilicates and clay minerals, including kaolinite, 17, 18 muscovite, 19 vermiculite, 19, 20 palygorskite, 21 and sepiolite. 21 Neutron scattering methods have also been used to derive diffusion rates of interlayer water in smectite minerals. 22−24 Several of the previous studies have focused on the vibrational spectroscopy associated with the neutron scattering experiments, evaluating the midinfrared region where the librational, or rotational, response associated with water dynamics occurs.
Vibrational spectroscopy, in general, is an analytical technique that provides information about molecular structure, chemical bonding, and intermolecular interactions of materials. Infrared absorption and Raman spectroscopies are well-known examples of this widely used form of spectroscopy. 25, 26 With the development of advanced instrumental analytical facilities, spectroscopies that use neutrons rather than photons as a probe of molecular vibrations are more widely available. This approach has several advantages over optical spectroscopy, including high sensitivity to hydrogen, absence of selection rules, ease of computation of the vibrational spectrum, isotopic sensitivity, no energy deposition in sample, and high neutron penetrability through bulky sample environment. 27 Computational chemistry methods, including molecular dynamics simulation, provide a unique complementary probe of the clay mineral−water interface to support neutron scattering analysis. Molecular simulation offers details of the structure, energetics, and dynamics of the interface, including the mineral substrate and adsorbates, solutes, and water molecules of the aqueous phase. 28−36 Molecular dynamics simulations provide analysis of time-dependent processes ranging from femto-to pico-to nanoseconds and for spatial scales from Ångstroms to tens of nanometers. In some instances, the molecular-scale results can influence the interpretation of geological events associated with meters to kilometers and millions of years. However, multiscale modeling and upscaling methods remain a challenge for many geological applications. 37−40 Two clay minerals of interest are montmorillonite and beidellite, model smectite minerals which enable the study of confined cations and water molecules in their respective interlayers. Montmorillonite has an idealized formula of Na 0. 75 4 , a relatively low layer charge representative of a smectite clay that can swell with increasing relative humidity.
In the present study, we apply inelastic neutron scattering and vibrational spectroscopy to examine ion-exchanged smectite minerals and compare different hydration environments of the clay interlayer. Montmorillonite and beidellite clay minerals are investigated to provide a comparison of the effect of charge location in the clay layer and its impact on water dynamics. Molecular dynamics simulations and power spectra derived from atomic trajectories are used to interpret the experimental vibrational data, specifically to better understand the water dynamics and the influence of the interlayer cation on the librational region of the spectra.
■ METHODS Clay Materials. Clay mineral samples were obtained from the Source Clays Repository operated by the Clay Minerals Society. 41 Texas montmorillonite (STx-1) and Idaho beidellite (SBId-1) were selected as representative dioctahedral smectites having similar layer charge but with charge localized to either the octahedral sheet (STx-1) or the tetrahedral sheet (SBId-1 . The variable interlayer water content is represented in the formula by nH 2 O and is dependent on the relative humidity. Except for the location of the layer charge, these samples have similar charge characteristics that ultimately impact their respective interlayer environments (Figure 1 ). For example, Idaho beidellite, having layer charge localized in the tetrahedral sheet where it would be closer to the exchangeable interlayer cations, is expected to have a significant influence on the cations and the interlayer water structure.
Cation-Exchange Experiments. Cation exchange was achieved by equilibrating clay mineral samples in 0.5 M salt solutions of selected cations followed by multiple rinses with deionized water to remove unwanted cations (primarily Ca 2+ ) from the samples. 45 Specifically, 10 g of each clay mineral was placed in a 125 mL bottle with 50 mL of water, after which enough sodium, magnesium, cesium, or barium nitrate was added to bring the metal ion concentrations to 0.5 M. The selection of cations represents a range of hydration enthalpies, related to cation size and charge, which ultimately impacts the interaction of the cation with interlayer water molecules and clay surfaces.
The slurry was allowed to equilibrate at room temperature for approximately 12 h, after which an additional 50 mL of deionized water was added to each bottle to begin rinsing the clay. The clay minerals were allowed to settle (occupying 20−40 mL of space), and then supernatant salt solution was decanted off the top (approximately 70 mL of clay-free water). Centrifuging rather than gravity settling was used for processing the Na-exchanged clay samples. Additional deionized water rinse cycles were carried out about 3−4 times until the clay sample started to peptize, preventing settling and making further rinsing unproductive. Lastly, the final volume of the slurry was adjusted back to 50 mL, and sufficient salt was added to bring the metal cation concentration back up to 0.5 M. The samples equilibrated for approximately 12 h again, and the rinsing process was resumed. In all, seven exchange cycles were carried out.
Once the exchange cycles were completed, the clays were subjected to six wash cycles by repeatedly filling the bottles with deionized water and then decanting off the clear fluid after the clay settled. Finally, the essentially salt-free clay slurries were poured into shallow plastic pans and allowed to dry. At the Figure 1 . Schematic and molecular models showing the differences between montmorillonite and beidellite for charge substitution locations in the clay layer. Molecular models include a single interlayer Na + (green) that compensates for the negative charge on the clay layer created by the substitution of a lower charged cation, Mg 2+ in the octahedral (O) sheet or Al 3+ in the tetrahedral (T) sheet. Projected view for the molecular models is along the a axis. Interlayer water is not shown in the models. Mg is blue, Al is magenta, Si is yellow, O is red, and H is white.
conclusion of the drying process none of the pans showed visible salt crusts, indicating that the salts had successfully been washed out of the slurry. X-ray fluorescence analysis comparing pre-and postexchange samples confirmed that the process had successfully replaced the original exchangeable cations with the target cations.
X-ray Diffraction. Oriented samples for X-ray diffraction (XRD) analysis were prepared for each of the four cationexchanged montmorillonite and beidellite minerals. Wet clay mineral slurries were deposited on XRD sample holders and allowed to dry overnight. Samples were then examined by X-ray diffraction using a Bruker D8 Advance system to confirm purity and basal (001) d spacings of the clay minerals. Diffraction scans from 2°to 82°2θ were obtained using Cu Kα X-rays (λ = 1.5406 Å) at a scan rate of 0.02°2θ/s. A diffraction scan with a quartz standard was initially used to calibrate and confirm the 2θ values and corresponding d spacings. Instrumental error for XRD measurements in the 2−10°2θ region, based on 10 repetitive scans of a smectite mineral, is 0.04°2θ.
Inelastic Neutron Scattering. The vibrational response of the cation-exchanged montmorillonite and beidellite samples was investigated by inelastic neutron scattering methods at one of the following neutron scattering facilities. Samples involving Cs-, Mg-, and Ba-exchanged smectites were analyzed at the Los Alamos Neutron Science Center (LANSCE), while samples of Na-exchanged smectites were examined at the Spallation Neutron Source (SNS) located at Oak Ridge National Laboratory.
The filter difference spectrometer (FDS) at LANSCE was used first for vibrational spectroscopy by incoherent inelastic neutron scattering for analysis of the clay samples. FDS is designed for high count rates using a large solid-angle detector subtending 3 steradians. 46 Approximately 1 g of each sample was loaded in cylindrical aluminum cans (20 mm diameter and 100 mm height) while in a glovebox with a helium atmosphere. Samples were cooled to 10 K in a top-loading closed-cycle refrigerator prior to the collection of scattering counts. Spectra were detected by neutron energy loss using beryllium filters and time-of-flight analysis for up to energy transfer values up to 500 meV, corresponding to about 4000 cm −1 . Data collection occurred over a 1 h time period, and the spectrum for the empty sample holder was subtracted from the data collected for the clay samples. Additional INS spectra were collected for dehydrated samples for each of the clay samples by approximate 12 h treatment at 115°C and under vacuum. Removal of interlayer water from the samples was confirmed by mass and thermal gravimetric analyses. 41, 47 These spectra were used in subsequent data analysis to remove contributing signal from the clay layers and obtain an INS spectra representing solely the water dynamics associated with the clay interlayer. All INS spectra were collected for samples equilibrated at 10 K.
The Na-exchanged clay samples examined at SNS were processed similarly for neutron data collection as was done for the Cs-, Mg-, and Ba-exchanged samples analyzed at LANSCE using the FDS instrument. INS spectra were collected up to energy transfer values of 1000 meV, corresponding to about 8000 cm −1 . Vibrational spectroscopy with the VISION instrument at SNS is optimized to characterize molecular vibrations in a wide range of crystalline and disordered materials over a broad energy range (greater than 5 meV to less than 600 meV). An inverted geometry for VISION offers enhanced performance by coupling a white beam of incident neutrons with two banks of seven analyzer modules, equipped with curved pyrolytic graphite crystal analyzer arrays that focus neutrons on a series of small detectors and offering improved signal-to-noise ratio. 4 , similar to the natural clay materials used in the INS investigation.
Each clay model, having P1 symmetry, was converted to a 2 × 2 × 1 cell with an expanded interlayer for the introduction of water molecules and to manually reduce the ordering associated with the substitution sites. The molecular models were then further expanded to 8 × 6 × 4 supercells comprised of approximately 10 000−12 000 atoms and having full periodic boundaries and four hydrated interlayer regions. Supercell dimensions are approximately 42 Å × 54 Å × 50 Å for the monolayer hydrate models. Two models for each smectite phase were prepared to represent a monolayer hydrate of 3.75 H 2 O per O 20 (OH) 4 and a bilayer hydrate of 6.75 H 2 O per O 20 (OH) 4 . Equivalent montmorillonite and beidellite models for the other endmember interlayer compositions were prepared by replacing the Na-based models with Cs + or with Mg 2+ or Ba 2+ having one-half the number of cations to preserve charge neutrality. Figure 2 provides the fully developed supercell used in the molecular simulations for the monolayer hydrate of Na-montmorillonite. In addition to the smectite clay models described earlier, a hydrated pyrophyllite modelwith no layer substations and no layer chargewas developed. Pyrophyllite 48 (AlSi 2 O 5 (OH)) is not a swelling clay, and therefore, this model is essentially a virtual Figure 2 . Molecular model of a monolayer hydrate of Na− montmorillonite showing a periodic simulation cell comprised of four clay layers and four interlayers. Equilibrated structure was obtained after 1.5 ns of molecular dynamics simulation using an NPT ensemble which allows for variation in cell angles and lengths. Same color scheme as in Figure 1 .
The Journal of Physical Chemistry C Article phase for comparing its water behavior with that of the various montmorillonite and beidellite models.
Interatomic potentials associated with the Clayff force field 49 were assigned to every atom for each of the montmorillonite and beidellite models. Clayff is a fully flexible force field that has been successfully applied to many oxide, hydroxide, and clay mineral systems of environmental interest. 28,35,50−71 Clayff is primarily a nonbonded energy force field, with harmonic bond terms used only for hydroxyl and water molecule bonds. All other atoms are structurally represented by nonbonded interactions involving van der Waals and electrostatic terms. Force field parameters for the aqueous cations are taken from Clayff which includes values for Na + , 72 Cs + , 73 Mg 2+ , 74 and Ba
2+
. 74 and collectively tabulated in Ockwig et al. 75 Molecular dynamics (MD) simulations were performed using the Forcite classical molecular mechanics program as implemented in the Materials Studio suite of molecular modeling software. 76 A real-space cutoff of 10.0 Å was used for short-range interactions, and long-range electrostatics were calculated with an Ewald summation algorithm at a precision of 1.0 × 10 −4 . A time step of 1 fs was used for both long-range and short-range interactions. All atoms were allowed to freely translate and cell parameters vary during the course of the MD simulation. Although simulation supercells were initially constructed to be orthogonal; during long MD simulation times the hydrated layer structure is prone to shearing along the clay interlayers resulting in a nonorthogonal cell (cf. Figure 2 ). Without constraining selected atoms during the simulation which would prevent such deformation, the equilibrated simulation cells still effectively represent the bulk structure and properties of the clay minerals.
Thermodynamic ensembles were created in a process similar to that used in recent MD simulation studies of bulk clay minerals. 21, 33, 70, 77 Molecular dynamics simulations were performed using the Nose−Hoover thermostat implemented in the Forcite code. The thermostat relaxation time was 0.1 ps. The initial configuration was equilibrated with a 50 ps NVE (microconical ensemble where N is the number of atoms, V is constant volume, and E is constant energy) simulation at a temperature of 300 K to allow atoms to relax from the initial lattice configuration and then further equilibrated with an NVT (canonical) simulation for an additional 50 ps where T is the temperature. The supercell was then fully equilibrated for 1.5 ns (10 6 time steps) using an NPT ensemble (isothermal−isobaric ensemble) where P is the pressure of 0.1 MPa to represent surface environmental conditions. For the NPT simulations, a Berendsen barostat 78 was used with a half-life decay time of 0.1 ps. A restart trajectory file was saved every 50 ps of the simulation allowing for monitoring potential and kinetic energies, temperature, pressure, atomic velocities, and structural properties of the clay model. The final equilibrated structure and associated atomic velocities were subsequently used for the start of a final 40 ps NPT simulation in which the trajectory file included atomic coordinates and velocities collected every 4 fs. This frequent collection ensures the capture of the relatively fast motions of hydrogen associated with water molecules and hydroxyl groups. It provides 10 000 atomic structures and corresponding atomic velocities for the power spectrum calculation.
The trajectories derived from the final NPT simulations were used to calculate power spectra for each of the cation endmember clay models. Such theoretical vibrational spectra are important in interpreting experimental infrared and Raman spectra and helping to understand the structure and dynamics of clay minerals and other environmental phases. 79 The power spectra were calculated as Fourier transformations of the velocity autocorrelation functions (VACF) using the trajectories obtained from the models. 80 The VACF for each atom type is given by
where C(t) is the normalized summation of the dot products of atomic velocity v j (t) relative to an initial velocity v j (0). The summation is over the number of atoms N of a given atom type or for an entire set of atoms (total VACF) and is performed using a center-of-mass frame. The frequency-based power spectrum can be derived by squaring the Fourier-transformed VACF. A trajectory sampling period of 4 fs ensures that vibrational frequencies up to 4166 cm −1 will be surveyed, and a correlation window of 6 ps provides a frequency resolution of approximately 2.8 cm −1 . Librational motions, bending modes, and stretch modes of water and hydroxyl groups can be calculated under these settings. All power spectra are based on MD trajectories for the atomic velocities of the hydrogen atoms of the water molecules collected for simulations at 300 K. This approach allows for the direct filtering of atomic contributions from the clay layers and only maintaining contributions from interlayer water. A similar computational procedure was used by Praprotnik and co-workers 81 to calculate the temperature dependence of power spectra for bulk water. Similarly, Deshmukh and coworkers 82 simulated variable water content between sheets of graphene and calculated power spectra to compare differences in librational behavior for several expanded interlayers.
■ RESULTS AND DISCUSSION Clay Mineral Structure. As low-charged layered phyllosilicates, the structures of the cation-exchanged clay mineral samples are most effectively described by their basal (001) d spacings which are descriptive of the expanded dimensions of the interlayer region. Figure 3 provides the low-angle (4−10°2θ) The Journal of Physical Chemistry C Article X-ray diffraction patterns for each of the cation-exchanged montmorillonite samples. The mean d spacings vary from 11.9 to13.7 Å and indicate the occurrence of primarily monolayer hydrates for these samples under the relative humidity (approximately 25% RH) at the time of analysis. In general, depending upon interlayer cation and layer charge, anhydrous smectites exhibit basal d spacings of about 9.5−10 and 11.5−13.5 Å for monolayer hydrates at such low relative humidities. 83 At moderate to high humidities (or partial water pressures) smectites expand to bilayer hydrates characterized by d spacings of about 14−16 Å for most common interlayer cations.
The broad and asymmetric basal diffraction peaks in Figure 3 suggest the occurrence of some degree of mixed layer hydrate states in the cation-exchanged samples, 84 Table 1 . The larger d spacings (13.6 and 13.7 Å) observed for the Mg-exchanged smectites compared to the other compositions is indicative of the full hydration spheres of Mg 2+ that predominate in the clay interlayer relative to the other cations that typically shed water molecules to adsorb directly to the clay surface.
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For comparison to the XRD results, basal d spacings were derived from the NPT-equilibrated MD trajectories (40 ps simulations) obtained for monolayer and bilayer models for each of the smectite molecular models. Table 2 presents a summary of the values for montmorillonite, beidellite, and a virtual pyrophyllite model to represent an uncharged layer structure. Results for two dry clay models (pyrophyllite and Ba-exchanged montmorillonite) are included for comparison. The basal d spacings vary from 9.24 to10.14 Å for the dry state, about 12.25 to 12.51 Å for the monolayer, and 14.23 to 14.89 Å for the bilayer depending on the interlayer cation and the layer charge location. The expansion of approximately 2.9 Å for each successive water layer in pyrophyllite models is consistent with the size of a water molecule. The basal spacing for the dry pyrophyllite model is in agreement with the experimental refinement for single-rystal pyrophyllite. 48 There is some variation in the layer expansion between montmorillonite and beidellite depending upon the type of interlayer cation and how it resides in the interlayer: fully hydrated, adsorbed to clay surface, or some combination.
Montmorillonite models exhibit smaller basal spacings for the monolayer compared to beidellite but have larger basal spacings than beidellite for the bilayer models. The calculated basal d spacings for the clay models are consistent with the XRD values for the natural clay phases and confirm the dominance of the monolayer hydrate in the real samples. However, the occurrence of mixed layers of water in natural samples and the large uncertainties in analyzing the distribution of basal d spacings for broad diffraction peaks 85, 86 make it difficult for a direct and detailed comparison of XRD basal spacings with the MD results.
Inelastic Neutron Scattering. Inelastic neutron scattering is a highly specialized instrumental method that is especially suited for the analysis of hydrogen-containing components in complex materials. It is particularly sensitive to the intramolecular motions of libration (rotation) for water, hydroxyl, and related species that are observed at low frequencies of 300− 1100 cm −1 in the INS spectrum, while contributions from nonhydrogen species are minimal. Librational modes result from molecular motions with nonzero angular moments, which produce three distinct modes for molecular water: rocking, wagging, and twisting, which occur in the range of 500−1000 cm −1 . Librational modes for water are typically broad and often combine into a single massive spectral feature, rendering the discrete rotational modes indistinguishable from each other. 87, 88 Librational modes are highly dependent on the local environment, position, and ordering of water. 89−91 Sharp librational features in a spectrum can occur for a hydrogen-containing component that is very highly ordered. 75, 92 Because most librational spectra exhibit librational modes that are extremely broad, occurring over 500 cm −1 in width, they are difficult to interpret. The absolute assignment of discrete rocking, wagging, and twisting modes is a difficult if not an impossible task. Nonetheless, it is well documented that librational frequencies increase and peak widths decrease as hydrogen bonding, electrostatics, and steric restrictions to the rotation are increased. 75, 87, 93 The onset of librational features, commonly referred to as the librational edge, is the only definitive spectroscopic assignment reported in INS experiments. Additionally, librational dynamics are amenable to quantitative prediction due the relative simplicity of neutron−nucleus interactions. 94−96 A powerful analytical combination is the use of molecular simulation studies to calculate power spectra from the analysis of atomic trajectories using molecular dynamics simulations to better understand librational motions of water in confinement. 21 a Monolayer and bilayer hydrate models of pyrophyllite are virtual phases and do not occur in nature. b Experimental value of 9.144 Å for singlecrystal X-ray structure 48 The Journal of Physical Chemistry C Article Librational spectra collected at 10 K for cation-exchanged montmorillonite and beidellite obtained from inelastic neutron scattering experiments are presented, respectively, in Figures 4 and 5. Spectra for the equivalent dehydrated samples and the resulting difference spectra are also presented for each cationexchanged clay sample. INS data are presented only for the 200− 1600 cm −1 frequency range to better visualize the librational motions for the hydrogen components of the clay and interlayer. The librational edge, which encompasses the rock, wag, and twist motions of water, ranges from about 200 to 900 cm −1 for these samples. The strong peaks at 800−900 cm −1 found in both hydrated and dehydrated spectra for all samples are associated with the deformation motions of the hydroxyl groups of the smectite octahedral sheet: Al−OH (900 cm ) in montmorillonite and only Al−OH (900 cm −1 ) in beidellite. 98, 99 The INS difference spectrum ( Figure 6 ) effectively removes these clay-based librations and most of the background signal leaving only the librational contributions from the interlayer water.
In general, the librational edge of the smectite samples is represented by the INS difference spectra. It is significantly broad, to some extent noisy, and consequently difficult to resolve into component librational motions. However, there is a shift of the low-energy (i.e., low-frequency) edge of the librations that is dependent on the interlayer cation. Cesium-and Ba-exchanged samples of both montmorillonite and beidellite exhibit librations at energies as low as 250 cm ), indicating a more constrained environment for the water associated with Mg 2+ in the interlayer. Sodium-exchanged samples exhibit a less-developed low-energy edge from 275 to 350 cm −1 , suggesting a different distribution of librational motions or a modified disorder state with multiple environments for the interlayer waters.
The variation in the librational edge structure is highlighted in the direct comparison of INS difference spectra presented in Figure 6 for montmorillonite and beidellite samples. The librational motions of water molecules in the interlayer are impacted by the interlayer cation; that cation can be either solvated by the interlayer water or adsorbed directly to the clay surface (ultimately with less impact on the water dynamics). The low-energy INS edge for Na-and Mg-exchanged samples of montmorillonite are shifted to higher frequencies by about 50− 75 cm −1 relative to the Cs-exchanged sample. Relative shifts in the INS edge structure for the beidellite samples are similar but vary by about 75−100 cm −1 relative to the Cs-exchanged sample. Cesium-and Ba-beidellite samples exhibit a librational edge significantly lower in energy than the other cation-exchanged samples.
These INS results indicate that both confinement and cation type modify the librational behavior of water. Infrared measurements of bulk aqueous solutions containing monovalent cations indicate that larger cations have greater impact on the librational spectra of water. 100 Alternatively, this can be interpreted as how strongly the water molecules are bound to the cationhydration enthalpywhich is related to cation charge and size. Hydration The Journal of Physical Chemistry C Article enthalpies and ionic radii for each of the interlayer cations are provided in Table 3 . 101 The increasing trend of hydration enthalpy for the cations follows the trend of decreasing cation size and increasing charge, although secondary effects of Figure 5 . Inelastic neutron scattering vibrational spectra collected at 10 K for Na-, Cs-, Mg-, and Ba-beidellite samples for hydrated (red) and dehydrated (green) states and the resulting difference (blue) spectrum. The Journal of Physical Chemistry C Article electronic polarization and other mechanisms will impact these values. To a first order, the cation hydration energy will control whether the interlayer cation prefers being solvated by water or being adsorbed onto the clay surface. The binding energy of the cation to the surface will be primarily electrostatically controlled. It is therefore not surprising that Cs + , having the lowest hydration enthalpy, is expected to preferentially adsorb to the clay surface rather than remain solvated by water molecules in the interlayer. In contrast, Mg 2+ with the highest hydration enthalpy remains solvated by water in the interlayer and does not adsorb to the surface. In general, Na + and Ba 2+ are expected to exhibit intermediate behavior with possibly both mechanisms. Nonetheless, the significance of electrostatic interactions of cations with the clay surface, especially for the near-surface charged sites in beidellite, can have a dramatic impact on the interlayer dynamics.
The contrast in the INS difference spectra for montmorillonite and beidellite samples involving the same cation, as observed for the Na-and Ba-exchanged samples, is striking, most likely due to the difference in charge location for each smectite (octahedral versus tetrahedral charge site; see Figure 1 ). The INS difference spectra of Figure 6 probably represent the predominance of monolayer hydrates for each smectite phase based on the ambient humidity associated with the INS experiments, and the basal d spacing results from XRD analysis. However, bilayer hydrates of these phases are expected to impact the librational edge in the INS spectra due to the potential for enhanced cation solvation with the increased interlayer water content. Lastly, there is the possibility that valence for the interlayer cations and the corresponding difference in cation concentration (i.e., concentration of Cs + and Na + in the interlayer is twice the concentration of Mg 2+ and Ba 2+ ) will lead to multiple environments for water in the interlayer.
The INS difference spectrum for the Ba-montmorillonite provides the best example among the clay spectra for a case of ordering in the water motions (Figure 7 ). Three Gaussian peaks were fit to the spectrum to determine the relative contributions of rock, wag, and twist modes for water. No attempt was made to assign exact libration motion to each of the peaks due to the difficulties in deconvolution of an extremely broad librational peak, a characteristic of water in clay interlayers. In rare cases for INS spectra of single-crystal hydrate samples it is possible to identify and resolve the rocking mode of water, which occurs at the lowest libration frequencies (approximately 640 cm −1 ) from an unresolved combination of wag and twist modes. 104 Power Spectra. Power spectra derived from the molecular dynamics trajectories for the smectite models cover the frequency range from 0 to about 4200 cm −1 . An example of a power spectrum based on hydrogen velocities of interlayer water is presented in Figure 8 for the monolayer hydrate of Bamontmorillonite. The spectrum includes the far-and midinfrared regions and low-frequency end of the near-infrared region. The dominant absorption peak, which occurs at 3830 cm −1 , represents the asymmetric stretch of the O−H bond, while the symmetric stretch for the same bond is found at 3740 cm −1 . The confined nature of water in the clay interlayer resolves these two peaks into a collectively formed broad peak for liquid water and ice phases. Additionally, the difference in frequencies for these modes compared to that for liquid water, either experimental or simulated values, is affected by the local environment of the clay interlayer and the accuracy of the force field parameters. The bending mode for the interlayer water occurs at 1600 cm
. Librational modes of rock, wag, and twist motions for water occur from approximately 250−1000 cm −-1 in the near-and mid-infrared regions. The disorder state of water, especially in the clay interlayer, limits any useful discrimination among the three libration modes. The small low-frequency (90 cm −1 ) peak associated with the broad libration band most likely is associated with bending and stretching motions of hydrogen bonds among water molecules.
Figures 9 and 10 present the librational region (200−1000 cm −1 ) of the power spectra derived from the equilibrated MD simulations for each of the interlayer cation smectite models for water in both monolayer hydrate and bilayer hydrate systems, respectively. Power spectra were also derived from the atomic trajectories for the hydrated pyrophyllite phase to provide a The Journal of Physical Chemistry C Article baseline for comparing water dynamics when layer charge is absent in the clay mineral. In contrast to the experimental INS difference spectra with librational edges and often a complex spectral structure, the power spectra for the interlayer water exhibit a broad relatively disordered librational peak with no clearly defined low-energy edge. The rather small shoulder peaks at approximately 300 and 850 cm , most obvious for the Ba and Mg spectra, suggest secondary contributions from two of the rock−wag−twist librational motions and are also consistent with the librational peaks exhibited by the INS spectra (see Figure 7) .
The power spectra derived for the monolayer hydrate models ( Figure 9 ) show a trend to higher frequency peaks as the enthalpies of hydration decrease for the smectite systems (i.e., Mg 2+ > Ba 2+ > Na + > Cs + ). However, there is a marked variation with interlayer cation and how the cation impacts the water dynamics. Except for the Ba models, there is a significant difference in the librational maxima between montmorillonite and beidellite models, with the largest difference associated with the Cs models; maxima occur at 375 and 525 cm −1 , respectively. This 150 cm −1 difference is related to the stronger local binding Figure 9 . Librational region of power spectra at 300 K for monolayer hydrates of Cs-, Na-, Ba-, and Mg-montmorillonite (left) and Cs-, Na-, Ba-, and Mgbeidellite (right). Corresponding power spectrum for a monolayer hydrated pyrophyllite model is included for each graph. Dashed trendlines suggest a general shift of peak maximum with interlayer cations ranked relative to their hydration enthalpy. Figure 10 . Librational region of power spectra at 300 K for bilayer hydrates of Cs-, Na-, Ba-, and Mg-montmorillonite (left) and Cs-, Na-, Ba-, and Mgbeidellite (right). Corresponding power spectrum for a bilayer hydrated pyrophyllite model is included for each graph. Dashed trendlines suggest a general shift of peak maximum with cations ranked relative to their hydration enthalpy.
The Journal of Physical Chemistry C Article of Cs + to the tetrahedral charge sites at the beidellite surface, allowing the interlayer waters to behave as those observed in the baseline pyrophyllite model (both librational maxima at 525 cm −1 ). In montmorillonite, Cs + is adsorbed at the clay surface (due to the very low Cs + hydration enthalpy) but the electrostatic binding of Cs + is weaker (relative to beidellite) due to the increased distance to the charged octahedral sites of the clay. This allows the interlayer waters to have increased association with the interlayer Cs + . Sodium and Ba models exhibit smaller differences of about 25 cm −1 in their maxima, while the spectra for the Mg models suggest a broad bimodal distribution between less restricted water dynamics at 350 cm −1 and more restricted water at 575 cm −1 . Figure 9 also includes trendlines that suggest a shift of the peak maxima with spectra for the various interlayer cation structures ordered relative to their hydration enthalpy: Cs + with the lowest value (−285 kJ/mol) to Mg 2+ with the highest (−1941 kJ/ mol). 101 The trendline for the montmorillonite models indicates a significant increase in frequency (blue shift) for librational peaks with increasing cation hydration enthalpy, although this result is somewhat complicated by the Mg power spectrum (see below). In contrast, the trend for the beidellite models suggests a slight decrease in frequency (red shift) of the peak maxima with increasing cation hydration enthalpy. This difference in librational peak trends is linked to how water dynamics is impacted by cation−water interactions and whether the cations are adsorbed directly to the clay surface. X-ray diffraction analysis and recent MD simulations suggest an increase in cation adsorption (especially for Cs + and Na + ) at the charged tetrahedral sites of beidellite compared to montmorillonite where cations occur mostly in the midplane of the interlayer. 33, 71, 105 The divalent cations, especially Mg 2+ , exhibit power spectra with possibly two primary librational contributions to the broad peak, positioned at about 350 and 450 cm −1 for Mgmontmorillonite and 300 and 600 cm −1 for Mg-beidellite. Compared to the monovalent cation cases, these data suggest two primary environments for interlayer water motions resulting from the higher charge and lower concentration of the divalent cations in the interlayer: water associated more strongly with the cation and the comparatively free water in the interlayer, respectively. The third and smallest libration peak is observed at higher frequencies (830−875 cm −1 ) for most of the power spectra. No effort has been made to assign specific rock−wag− twist modes to the calculated peaks (cf. Figure 7) . Similar interpretations of water dynamics apply to the power spectra obtained for the bilayer hydrate models (Figure 10 ), although the contrasts between montmorillonite and beidellite models are less pronounced. The baseline pyrophyllite model with two layers of interlayer water exhibits a maximum at 500 cm −1 that indicates a less restricted water environment than observed for the monolayer hydrate. Rather than a mostly planar arrangement of water molecules in the pyrophyllite interlayer, the bilayer hydrate exhibits a water−water interface in the interlayer that has significant hydrogen bond development. Relative to the power spectra for the monolayer hydrates, the bilayer hydrate spectra for Na-and Cs-beidellite exhibit a Figure 11 . Librational region of power spectra (solid lines) at 300 K for monolayer hydrates of Na-, Cs-, Ba-, and Mg-montmorillonite (left) and Na-, Cs-, Mg-, and Ba-beidellite (right). Corresponding INS difference spectra are included (dotted lines). Dashed trendlines suggest a general shift of peak maximum for the power spectra with cations ranked relative to their hydration enthalpy.
The Journal of Physical Chemistry C Article librational maximum at higher energies compared to montmorillonite, typically shifted by roughly 25 cm −1 . Barium models are all quite similar no matter the water content or type of smectite. Librational maxima are typically within 25 cm −1 of each other but suggest a somewhat less restricted environment for interlayer water in the Ba-beidellite compared to Ba-montmorillonite. Power spectra for the Mg-based bilayer hydrates exhibit a weakly structured librational signature differing from the broad diffuse peaks observed for the monolayer hydrate models. The broadtopped peak observed for both bilayer hydrates of Mgmontmorillonite and Mg-beidellite exhibit librational contributions at about 350 and 550 cm −1 and a small shoulder peak at 900 cm −1
. This third librational peak is consistently blue shifted relative to the other cations for all Mg-smectite models no matter the water content. In contrast to the monolayer hydrates, the trendlines for the bilayer hydrate power spectra in Figure 10 suggest only minor changes in water dynamics as a function of interlayer cation or location of the layer charge and with no significant difference between montmorillonite and beidellite.
The expanded water content of the fully hydrated interlayer systems can affect the arrangement of interlayer cations, potentially providing enough water and space to develop full hydration spheres for cations with large hydration enthalpies (e.g., Mg
2+
). In general, the results for the bilayer hydrate models show only minor effects in the power spectra associated with this increased interlayer water. It is likely that the power spectra for the monolayer hydrates ( Figure 9 ) are the better models for interpreting the experimental INS spectra of this study. The results for the bilayer models can be used to provide guidance for predicting the dynamics of water in more water-saturated environments (i.e., high relative humidity). This is supported by the basal d spacings, obtained by XRD and supported by the MD simulations, which strongly suggest the experimental cationexchanged smectites represent monolayer hydrate phases.
It is instructive to combine the experimental INS difference spectra with the calculated power spectra of the monolayer hydrates to better assess the correspondence of the librational regions to each of the interlayer cations. Figure 11 provides this comparison by overlaying the respective spectra from 200 to 1000 cm −1 and includes the trendlines associated with peak maxima derived from the analysis of the power spectra. In general, the power spectra derived from the MD simulations of an idealized periodic structure of each model are relatively smooth. The INS spectra are comparatively noisy as they are obtained for treated natural clay minerals having finite size and external basal and edge surfaces and which include instrument noise and related uncertainties. Furthermore, the INS spectra are collected at 10 K, while the MD simulations are calculated to represent conditions at 300 K; a recent MD study suggested limited differences in power spectra for clay mineral models simulated at 300 K and at such low temperatures. 21 Nonetheless, the overall behavior of the experimental and calculated spectra are consistent for both smectites, with each exhibiting a dominant and broad librational peak for each cation in the range from 400 to 600 cm −1 . Three observations of the correlation of data in both INS spectra and power spectra include the following: (1) there is an increased ordering of librations for the divalent smectite phases, which is most pronounced for the Ba-montmorillonite example; (2) INS spectra for the Mg 2+ samples do not exhibit a substantial lowfrequency libration that is observed in the corresponding power spectra; and (3) the Na-montmorillonite INS spectrum shows a red shift of about 125 cm −1 relative to its corresponding power spectrum. There are some minor differences between experiment and simulation for these examples which indicate the practical limitations associated with sample treatment and the collection of INS data or possibly the inaccuracy of the interatomic potentials used in the MD simulations. Nonetheless, the general qualitative agreement in the spectra appears to confirm that the models are capturing, to a certain degree, the complex dynamics of water molecules in these particular clay minerals. Figure 12 presents a summary of the INS and power spectra for the monolayer hydrates based on a comparison of the frequencies corresponding of the librational peak maxima as a function of the cation hydration energy. Included in the figure are frequencies for librational maxima of power spectra for bulk water and interlayer water in pyrophyllite; both are associated with an enthalpy of −41.7 kJ/mol, which is the self-interaction enthalpy of water (i.e., hydrogen bond network). 106 The trends for the maxima frequencies for both cation-exchanged montmorillonite and beidellite samples generally increase with hydration enthalpy (absolute values) with the minor exception of the Na-montmorillonite sample. The power spectra derived for the cation-exchanged montmorillonite models follow this experimental trend but are shifted to lower librational frequencies. The frequencies for the cation-exchanged beidellite models are similarly red shifted but exhibit a decrease with hydration enthalpy (absolute values) in contrast to the experimental INS results. As noted previously, this difference in the power spectra can only be attributed to the location of the charge sites in the beidellite models (i.e., in the tetrahedral sheet directly at the clay−water interface). Figure 12 . Summary of the frequencies for the librational peak maxima for INS difference spectra (squares) and power spectra (circles) as a function of cation hydration enthalpy for monolayer hydrates of Na-, Cs-, Ba-, and Mg-montmorillonite (blue) and Na-, Cs-, Mg-, and Babeidellite (red). Maximum frequencies for the Mg power spectra represent the mean value of the two dominant peaks. Reference frequencies for bulk water and interlayer water in pyrophyllite (light blue diamonds) represent power spectra for cation-free systems.
■ CONCLUSIONS
Vibrational spectra of cation-exchanged smectite minerals from INS experiments and power spectra from MD simulations provide molecular insights into the structure, dynamics, and interactions of confined water and cations in the interlayers of clay minerals. Combined with materials characterization techniques such as XRD, this study has provided insight into the hydration environments of two smectite minerals (montmorillonite and beidellite). We observe trends in the edge of the broad absorption band for the disordered librational modes of water for the various smectite phases that are consistent with the hydration energies of the interlayer cation. In particular, the trend in INS librational spectra follow that of cation hydration enthalpy (Mg 2+ > Ba 2+ > Na + > Cs + ). The librational data for the Mg 2+ samples are the most unique because of an apparent bimodal behavior of water where the spectra exhibit two distinct water environments for both clay minerals. Material characterization and XRD analysis of the basal d spacings indicate the INS samples exist as monolayer hydrates at the experimental conditions. The power spectra, which do not exhibit clean librational edges as observed in the inelastic neutron spectra, help in the interpretation of the experimental librational spectra. Use of large simulation cells to represent the bulk clay systems improves statistics and the ability to capture disorder states for the dynamical modes of water. Both montmorillonite and beidellite models exhibit power spectra, characterized primarily by a broad and disordered librational peak that varies with interlayer cation and which are generally consistent with the INS observations. Monolayer hydrates exhibit more sensitivity to interlayer cation compared to the expanded bilayer hydrate models. Monolayer hydrate models for beidellite, where the layer charge is concentrated in the tetrahedral sheet at the interlayer surface, exhibit a red shift in libration peak maximum with increasing cation hydration enthalpy, whereas a blue shift is observed for the librational peak for the corresponding montmorillonite models where the charge is localized to the octahedral sheet of the clay layer and removed from the interlayer. As observed in the INS spectra, power spectra derived for both smectite models involving divalent cations (Ba 2+ and Mg
2+
) indicate some ordering of the water libration modes and the presence of two unique environments in the interlayer.
As with the difference spectra derived from the INS measurements, the molecular simulations similarly offer the ability to manipulate atomic trajectories to differentiate among the multiple atomic interactions of a complex hydrated mineral system. Through a comparison of two similar swelling clay mineralsmontmorillonite and beidellite, each with the same layer charge but different charge locationit is possible to evaluate the impact of the clay on the structure and dynamics of interlayer water. A future challenge will be to explore, through further spectroscopy and molecular simulation, the water dynamics for more complex interlayer compositions and under the pressures associated with geological processes.
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